INTRODUCTION
============

Various techniques for the endoluminal closure of iatrogenic colonic perforation have been reported. Some studies recommend primary endoluminal closure by using through-the-scope (TTS) clips for small perforations and over-the-scope clips (OTSCs) for larger perforations as an initial choice in selected cases, especially with adequate colon preparation and early recognition of perforation \[[@b1-ce-48-6-534]-[@b8-ce-48-6-534]\]. TTS endoclips are the most common devices for endoluminal closure despite the several technical limitations associated with the perforation size and anatomic site, which may cause wide gaps and/or tangential angles. OTSCs are expensive and not readily available in many countries and hospitals, whereas some newly developed devices remain as prototypes.

Endoscopic band ligation (EBL) has been widely used to control variceal or diverticular bleeding \[[@b9-ce-48-6-534]-[@b11-ce-48-6-534]\], and several reports have documented the successful endoscopic closure of iatrogenic bowel perforations by using EBL \[[@b12-ce-48-6-534]-[@b15-ce-48-6-534]\]. Our group reported rescue EBL for gastric perforation resulting from endoscopic submucosal dissection (ESD) or ulcer, and for iatrogenic colon perforation during endoscopy \[[@b15-ce-48-6-534],[@b16-ce-48-6-534]\]. We also have shown that the technical feasibility and efficacy of EBL in endoluminal closure were not inferior to those of TTS endoclips in an *ex vivo* porcine model \[[@b17-ce-48-6-534]\].

On the basis of these encouraging results, we investigated the technical feasibility and safety of endoluminal closure of iatrogenic colon perforations by using EBL in an *in vivo* perforation model.

MATERIALS AND METHODS
=====================

This work was approved by the Institutional Animal Care and Use Committee of Chungbuk National University (approval no. CBNUA-396-12-01) and conducted in an operation room at the laboratory animal research center. We used nine adult male beagle dogs weighing 10 to 15 kg. To determine the size and precise location of the perforation, two animals were euthanized immediately after making multiple perforations. The remaining seven animals were euthanized 2 weeks after EBL closure. In the survival group, the animals were inspected daily for 2 weeks for clinical signs of peritonitis and sepsis. A complete blood count (SYSMEX, Kobe, Japan) and highly sensitive C-reactive protein (hs-CRP) assay (HITACHI 7600; SEKISUI, Osaka, Japan) were performed on days 0, 1, 3, 7, and 14. A necropsy was performed to assess fecal peritonitis, wound dehiscence, and colon pathology.

Anesthesia and colonoscopy preparation
--------------------------------------

For the experiment, the animals were maintained on a liquid diet for 3 days before bowel preparation. Then, 1 day before endoscopy, the animals were fed with 40 mL lactulose (Duphalac syrup; Choongwae Pharmaceutical, Seoul, Korea) twice. Finally, a warm saline enema, 100 mL, on the day of endoscopic procedure, was performed. The experimental animals were stabilized in the left lateral position and premedicated with the subcutaneous administration of 0.02 mg/kg atropine sulfate (Je-Il Pharm, Daegu, Korea). The canines were sedated by means of an intramuscular injection of tiletamine/zolazepam (Zoletil, 5 mg/kg) and 2% xylazine (1 mg/kg Rompun; Bayer, Seoul, Korea). Anesthesia was administered through intravenous injection (0.1 mg/kg) followed by continuous infusion (4 to 6 mg/hr) of vecuronium. After tracheal intubation, the animals were ventilated with a 1:1 mixture of 1.0% to 2.0% inspired isoflurane (Ifran; Hana Pharm Co. Ltd., Seoul, Korea) and oxygen (5 to 10 mL/kg/min).

Endoscopic procedures
---------------------

An endoscope (GIF 230; Olympus Optical Co, Ltd., Tokyo, Japan) with a long transparent cap (Olympus distal attachment MH-593, outer diameter: 12.9 mm; Olympus) attached to the tip was used. A needle knife was used to create a puncture for the artificial longitudinal incision, and an insulated-tip knife was used to make a full-thickness longitudinal perforation ([Fig. 1](#f1-ce-48-6-534){ref-type="fig"}). The size of the perforation was confirmed by passing the cap-fitted endoscope through the hole during necropsy in the first two cases. In these two animals, multiple colon perforations, of variable sizes, were made 10 to 30 cm from the anal verge at 5-cm intervals, followed by immediate euthanization to determine the perforation size. The length of the harvested colon in these experiments was about 30 cm, and the mean diameter of the perforation was 1.57 cm (standard deviation, 1.12). In the remaining seven animals, a 1.5 to 1.7 cm colon perforation was made 15 to 20 cm from the anal verge, followed by endoscopic closure with a pneumoactivated endoscopic variceal ligating device (MD-48170; Sumitomo Bakelite Co., Tokyo, Japan) by using the following basic sequences: the entire perforated lesion was gently extracted into the suction cap, and an elastic band was placed around the base by using a device. If closure was incomplete, additional EBL was performed until the hole was secured acceptably ([Fig. 2](#f2-ce-48-6-534){ref-type="fig"}).

Follow-up and necropsy
----------------------

All animals were given 15 mg/kg ciprofloxacin orally twice per day before the procedure and maintained for 14 days after the procedure. After a 48-hour recovery period, the animals were given water and a soft diet (Merry dog; Nestle Purina Co., Seoul, Korea). All animals were carefully monitored. If there was any sign of sepsis or peritonitis, euthanasia was performed promptly. Peritonitis was diagnosed by a veterinarian when clinical findings such as lethargy, vomiting, anorexia, and abdominal rigidity developed after band ligations during a follow-up period \[[@b18-ce-48-6-534]\].

After a 2-week follow-up period, the animals were euthanized for pathologic examination. The abdominal cavity was opened through a midline incision. The intestines were clamped below the pylorus and proximal to the anus, and harvested from the body. The peritoneal cavity was closely inspected for fibrous material, abscess, and adhesions. After the isolation of the colon segment with perforation, that segment was opened longitudinally to the opposite site of the perforation to examine the mucosal side for healing. The tissue was then fixed in formalin for subsequent processing. Transverse sections of the colon across the site of perforation were taken for histopathological examination.

Four parameters were evaluated as outcome measurements: (1) the technical feasibility and procedure time of EBL to complete perforation closure; (2) clinical and laboratory monitoring of the animals for 2 weeks to assess sepsis and peritonitis; (3) necropsy on day 14 to confirm peritonitis, adhesion, and the status of the intestinal lumen; and (4) histological parameters of the healing process.

RESULTS
=======

Technical feasibility and procedure time
----------------------------------------

The EBL of iatrogenic colon perforations was successful in all seven animals (100%). The mean number of bands was 2.1, and the mean procedure time was 191.7 seconds ([Table 1](#t1-ce-48-6-534){ref-type="table"}). Although there was minor bleeding at the perforation site in three cases, EBL was able to simultaneously stop the bleeding and close the perforated hole. There were no immediate procedure-related complications. In several cases, the mesentery entered the suction cup during the suctioning of the perforation site, which resulted in a prolonged procedure time.

Clinical and laboratory outcomes
--------------------------------

Six of the seven animals survived for 2 weeks without complication. One animal was euthanized on day 3 because of signs of sepsis and peritonitis. This animal was our first experimental attempt and had poor bowel preparation; despite water irrigation through endoscopy, the colon was not properly cleansed. In this situation, we used EBL for perforation and closure. The laboratory findings showed that the white blood cell count on day 1 was significantly more elevated than that on preprocedure day 0 (*p*\<0.01). Hemoglobin level, platelet count, and hs-CRP level did not show any significant changes. All laboratory data are presented in [Table 2](#t2-ce-48-6-534){ref-type="table"}.

Necropsy findings
-----------------

The necropsy findings of the case euthanized on day 3 revealed fecal peritonitis and bloody ascites at the partially open perforation site. Necropsy of the remaining six animals showed no fibrous peritonitis, fecal peritonitis, pericolic abscess, or transmural wound dehiscence. One case showed local adhesion with a thick fibrous band and distant adhesion with the small intestine ([Fig. 3A](#f3-ce-48-6-534){ref-type="fig"}). An inner view of the perforation site in three animals revealed an ulcer in the healing stage with a white coating and regenerating epithelium extending into the ulcer base ([Fig. 3B](#f3-ce-48-6-534){ref-type="fig"}), and the scar was completely covered with regenerating epithelium in three animals ([Fig. 3C](#f3-ce-48-6-534){ref-type="fig"}). These results are summarized in [Table 3](#t3-ce-48-6-534){ref-type="table"}.

Histology
---------

Histologic examination of the colon perforation site closed by using EBL showed the following findings: (1) healing with reepithelialization of the mucosa, (2) inflamed granulation tissue in the submucosa and serosa, and (3) defects of the muscularis propria that were replaced by fibrotic tissue. The magnitude of inflammation, healing, and fibrosis varied among the animals ([Fig. 4](#f4-ce-48-6-534){ref-type="fig"}).

DISCUSSION
==========

Iatrogenic colon perforation is a rare but serious complication of colonoscopic procedures with relatively high morbidity and mortality rates. The incidence of perforation during diagnostic colonoscopy was reported to be 0.01%; during therapeutic colonoscopy procedures including hot biopsy, polypectomy, and endoscopic mucosal resection or ESD, the incidence of perforation was reported to be 0.74% to 10.4% \[[@b4-ce-48-6-534],[@b5-ce-48-6-534],[@b19-ce-48-6-534]-[@b21-ce-48-6-534]\].

Some case reports have indicated a high success rate of the use of endoclips for the closure of acute iatrogenic colon perforations, and it has been accepted as an effective method for the immediate management of acute colonic perforations in limited cases for which it is technically feasible \[[@b3-ce-48-6-534]-[@b5-ce-48-6-534]\]. However, endoscopic repair with endoclips can be limited in large and wide perforations or in those with tangential angles. A wide perforation is difficult to close because of slippage of the perforation edge from the clip while the clip is being maneuvered across the defect to grasp the opposite edge of the perforation. Everted perforation edges also make it difficult to grasp the tissue with endoclips.

Recently, new clips have been developed by improving the existing designs, and new suturing devices have also become available. Furthermore, the recent release of woundless natural orifice transluminal endoscopic surgery has stimulated the development of various endoscopic suturing devices. These devices include TTS clips, such as the QuickClip 2 (Olympus Inc., Center Valley, PA, USA), Resolution clip (Boston Scientific Inc., Natick, MA, USA), and Tri-Clip and Instinct clip (Cook Medical, Winston-Salem, NC, USA); the OTSC system (Ovesco Endoscopy AG, Tubingen, Germany); and endoscopic suturing devices such as T-tags (Ethicon Endo-Surgery, Cincinnati, OH, USA) and the flexible Endo Stitch (Covidien, Mansfield, MA, USA) \[[@b2-ce-48-6-534],[@b6-ce-48-6-534],[@b8-ce-48-6-534],[@b22-ce-48-6-534],[@b23-ce-48-6-534]\]. Several of these devices have shown increased efficacy compared with the endoscopic clip, particularly for defects ≥20 mm. However, most of these devices are at either the preclinical and clinical stages, or will be very costly, even if their clinical use is approved. Therefore, the popular use of these devices will likely be restricted to specialist endoscopists.

EBL was first introduced in 1988 for the treatment of bleeding from esophageal varices \[[@b9-ce-48-6-534]\]. Technically, EBL is a simple procedure, and EBL has been widely used in the management of nonvariceal hemorrhage from Dieulafoy's ulcer, gastric angiodysplasia, and polypectomy-induced bleeding \[[@b10-ce-48-6-534]-[@b12-ce-48-6-534]\]. In addition, there have been recent reports of successful endoscopic closure of iatrogenic bowel perforations by using EBL after the failure of endoclips \[[@b15-ce-48-6-534],[@b16-ce-48-6-534]\]. Also, after our pilot studies on the colon in an *ex vivo* porcine model \[[@b17-ce-48-6-534]\], we aimed to evaluate whether colon perforations could be closed effectively with EBL. We explored the feasibility of endoluminal closure of 15-mm perforations by using EBL. This *ex vivo* porcine study showed that colonic perforations of a 1.5-cm diameter can be closed endoscopically with EBL, with the leak pressure of EBL closure similar to that of the endoclip, whereas closure with EBL was faster and easier than that with the endoclip \[[@b17-ce-48-6-534]\].

This *in vivo* animal study was aimed at investigating the technical feasibility, biomechanical properties, histologic healing, and clinical outcome of the endoluminal closure of iatrogenic colonic perforations by using EBL. There was no reported clinical study on band ligation therapy for colonic perforations; therefore, in this study, we wanted to indirectly show the efficacy of band ligation by demonstrating the usefulness of a simple band ligation in an animal colon perforation model.

Technically, EBL for colon perforation suturing is a simple and fast procedure. Even in cases where the perforation is too large for ligation with a band, partial ligation could be performed and would benefit from a zipper effect. Complete suturing could be achieved by adding additional bands to the ligation. EBL is also free from problems with clips, such as clip direction and slipping. One slight issue of band ligation is that, during gas aspiration for band ligation, the serous membrane could be absorbed into the aspiration cup. However, this can be overcome by slow, gradual aspiration from the margin of perforation. In addition, delayed perforation may occur after a band ligation in lesions upturned toward the peritoneum rather than lesions protruding toward the lumen, where the intestinal movement is relatively fast. We considered this possibility, and pulled in enough of the perforation during band ligation to use two bands to make a mushroom shape. If a ligation does not include all of the surrounding tissues, it may become loose during the recovery. Another issue is that EBL may fail if the surrounding tissues are too hard for endoscopic suction. We also experienced some difficulty in aspiration with acutely inclined lesions in the colon. However, all other endoscopic suturing devices have this kind of difficulty, which is more problematic with endoscopic clips.

Unlike the stomach, which has a thick wall, the colon and the small intestine have thin walls, raising concerns that a neighboring organ or the peritoneum may be ligated together in the course of a band ligation, causing delayed perforation or damage and adhesion to that organ. However, Farrell et al. \[[@b24-ce-48-6-534]\] provided *in vivo* and *ex vivo* evidence that such a risk would be very low. Among multiple large studies comparing band ligation against clips for the treatment of colonic diverticular bleeding, none reported a case of delayed perforation, damage to a neighboring organ, or intestinal adhesion resulting from band ligation \[[@b25-ce-48-6-534]-[@b28-ce-48-6-534]\]. Perforation and hemorrhage are clearly two different clinical conditions; however, band ligation itself has the same effect on the same organ, and thus there is no reason to believe that band ligation would induce a new type of complication, other than being ejected from its place owing to the movement of the colon or the small intestine. There was a case of adhesion to another organ in our study; however, it was not caused by the other organ being drawn in by the band. All of our cases were without clinical problems. The serous membrane that was drawn in while performing the aspiration may be considered a cause of adhesion; however, previous studies intentionally involved the serous membrane to allow for the suturing of large perforations and to enhance the quality of suture \[[@b2-ce-48-6-534],[@b29-ce-48-6-534]\]. Thus, suturing an appropriate amount of serous membrane together by aspiration might be helpful in preventing delayed perforation and in tightening the suture.

Results from 2 weeks of follow-up after EBL of colon perforation in seven dogs clearly indicated the stability and utility of EBL, except in one case with poor bowel preparation. Necropsy of the surviving animals also revealed that the perforation was cured without peritonitis development, as reflected by cicatrization on histopathological examination. There was no significant change in hemoglobin level, platelet count, and hs-CRP leel, except for significantly increased leukocytes on day 1 after the perforation. This may be due, in part, to the fact that the perforation was sutured immediately, reducing peritoneal contamination and the risk of peritonitis. However, hs-CRP, a more sensitive marker than leukocytes, did not change, possibly owing to the low weights of the beagles used in this study or to a characteristic of the species. Further study according to the various colon sites is needed.

This study has several notable limitations. First, this was a single-arm animal study without a control group. Future studies should include a comparison with existing endoscopic sutures, such as endoscopic clip suture or surgical suture, in terms of convenience and suture quality. Second, to maintain a tight suture, the strategy of aspirating a portion of the serous membrane to be sutured together could also be evaluated. Third, EBL was successful for perforations of \~1.7 cm; however, whether it facilitates suturing of larger perforations has yet to be confirmed. A follow-up study is necessary to confirm this possibility. Finally, this perforation model was not performed at the proximal colon. Multiple bands are required for closure of a larger perforation. In such cases, the endoscopists should withdraw the endoscope repetitively. If the perforation occurred in the proximal colon, it would be a limitation for rapid closure.

In conclusion, this study demonstrated the technical feasibility and suturing result of EBL for iatrogenic colon perforations in an *in vivo* animal model. In this model, EBL was observed to be safe and useful for suturing colon perforations. The early pathologic findings also indicated proper healing without serous peritoneal adhesion. EBL may also be attempted as a rescue strategy for large perforations for which endoscopic clip suture is clinically impossible, for perforations located at a particularly difficult angle, or after a failure of early endoscopic clip closure. More prospective clinical studies are necessary to address these issues.
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![An iatrogenic 1.5-cm colon perforation model. (A) A small perforation is made with a needle knife, and (B) is widened longitudinally by using an insulated-tip knife until the cap-fitted endoscope could easily pass into the peritoneal cavity.](ce-48-6-534f1){#f1-ce-48-6-534}

![(A) A full-thickness incision is made with an endoscopic knife to the colon in the iatrogenic model. (B) Endoscopic band ligation is used to make a mushroom-like banded mucosa to complete the closure. (C) A band ligates the perforation hole incompletely, although it reduces the size of the hole in a zipper-like fashion. (D) Additional band ligation closes the perforation completely.](ce-48-6-534f2){#f2-ce-48-6-534}

![Macroscopic view of a necropsy. (A) An external view of the perforation site shows local adhesion with a fibrous band and distant adhesion with the small bowel. (B) An internal view of the perforation site shows an ulcer at the healing stage and (C) a completely healed scar.](ce-48-6-534f3){#f3-ce-48-6-534}

![Microscopic finding of the healed site of endoscopic band ligation. (A) Complete reepithelialization of the mucosa is seen (arrow). Inflamed granulation tissue remains in the submucosa and serosa (arrowheads) (H&E stain, ×10). (B) Defects of the muscularis propria (arrowheads indicate preexisting smooth muscle bundles) are replaced by fibrosis (arrows) (H&E stain, ×10). (C) The fibrotic adhesion with the small bowel is seen at the site of healing of the perforation on the serosal surface (H&E stain, ×1). (D) Severe fibrosis with chronic inflammation is observed in the pericolic fat tissue (H&E stain, ×40).](ce-48-6-534f4){#f4-ce-48-6-534}

###### 

Technical Results of Endoscopic Band Ligation in an Iatrogenic Colon Perforation Model

  Animal no.     No. of bands used for closure   Duration of closure, sec   Survival for 14 days
  -------------- ------------------------------- -------------------------- --------------------------------------------------
  1              3                               186                        No^[a)](#tfn1-ce-48-6-534){ref-type="table-fn"}^
  2              2                               210                        Yes
  3              1                               110                        Yes
  4              2                               202                        Yes
  5              2                               280                        Yes
  6              2                               149                        Yes
  7              3                               205                        Yes
  Mean (range)   2.1 (1--3)                      191.7 (149--280)           \-

This animal was euthanized on day 3 because of peritonitis.

###### 

Laboratory Data after Endoscopic Band Ligation on Days 0, 1, 3, 7, and 14

           WBC, /mm^3^   Hemoglobin, g/dL   Platelets, 10^3^/mm^3^   CRP, mg/L
  -------- ------------- ------------------ ------------------------ -----------
  Day 0                                                              
  1        3,710         14.7               298                      0.03
  2        6,410         14.8               295                      0.03
  3        8,220         16.5               242                      0.03
  4        7,550         15.8               215                      0.02
  5        7,900         16.8               300                      0.02
  6        5,300         17.5               273                      0.01
  7        6,700         15.9               278                      0.01
  Day 1                                                              
  1        12,550        17.9               319                      0.02
  2        14,870        16.0               311                      0.02
  3        10,780        17.3               214                      0.02
  4        11,580        17.0               138                      0.02
  5        21,600        17.8               226                      0.01
  6        14,000        14.6               276                      0.02
  7        12,700        15.6               253                      0.01
  Day 3                                                              
  1        \-            \-                 \-                       \-
  2        15,360        16.6               324                      0.02
  3        11,550        17.0               269                      0.03
  4        8,640         17.2               200                      0.03
  5        7,900         17.5               225                      0.03
  6        6,100         15.1               282                      0.02
  7        7,800         16.2               278                      0.02
  Day 7                                                              
  1        \-            \-                 \-                       \-
  2        9,880         16.2               429                      0.03
  3        11,820        16.9               300                      0.02
  4        8,740         15.3               281                      0.02
  5        7,100         17.0               223                      0.03
  6        7,800         14.8               167                      0.03
  7        6,700         13.0               270                      0.03
  Day 14                                                             
  1        \-            \-                 \-                       \-
  2        12,800        14.2               278                      0.02
  3        9,800         11.1               116                      0.02
  4        5,700         12.9               304                      0.02
  5        18,100        17.1               333                      0.02
  6        8,100         15.3               201                      0.02
  7        6,900         13.5               270                      0.02

WBC, white blood cell; CRP, C-reactive protein.

###### 

Necropsy and Pathology Results after Endoscopic Band Ligation of the Colon Perforation on Day 14 in a Survival Model

  Animal no.   Fibrous peritonitis   Fecal peritonitis   Pericolonic abscess   Transmural wound dehiscence   Adhesion   Inner view of the perforation site
  ------------ --------------------- ------------------- --------------------- ----------------------------- ---------- ------------------------------------
  2            No                    No                  No                    No                            Local      Ulcer
  3            No                    No                  No                    No                            No         Scar
  4            No                    No                  No                    No                            Distant    Scar
  5            No                    No                  No                    No                            No         Ulcer
  6            No                    No                  No                    No                            No         Ulcer
  7            No                    No                  No                    No                            No         Scar
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